underwent T2* DSC MRI perfusion. DSC perfusion maps and T2* signal intensity time curves were evaluated, and the following measures of tumor perfusion were recorded: (1) maximum relative cerebral blood volume (rCBV), (2) relative peak height (rPH), and (3) percent signal recovery (PSR). The imaging metrics were correlated to EGFR gene amplification and EGFRvIII mutation status using univariate analyses. Results EGFR amplification was present in 44 (41.5 %) subjects and absent in 62 (58.5 %). Among the 65 subjects who had undergone EGFRvIII mutation transcript analysis, 18 subjects (27.7 %) tested positive for the EGFRvIII mutation, whereas 47 (72.3 %) did not. Higher median rCBV (3.31 versus 2.62, p = 0.01) and lower PSR (0.70 versus 0.78, p = 0.03) were associated with high levels of EGFR amplification. Higher median rPH (3.68 versus 2.76, p = 0.03) was associated with EGFRvIII mutation. Conclusion DSC MRI perfusion may have a role in identifying patients with EGFR gene amplification and EGFRvIII gene mutation status, potential targets for individualized treatment protocols. Our results raise the need for further investigation for imaging biomarkers of genetically unique GBM subtypes.
Introduction
Advanced MRI imaging techniques are gaining increasing acceptance in the diagnosis and evaluation of treatment response in patients with glioblastoma (GBM). In treatmentnaïve tumors, dynamic susceptibility contrast (DSC) magnetic resonance imaging (MRI) perfusion techniques have been shown to correlate well with glial tumor grade as well as histological features such as cellular proliferation, necrosis, and vascular proliferation [1−3] . DSC perfusion techniques have also been used to study post-treatment changes in high-grade glial tumors [4, 5] , especially as conventional MRI does a relatively poor job in differentiating tumor progression from treatment effects and pseudoprogression [6] in patients with GBM.
However, the role of such newer perfusion MRI techniques in the care of high-grade glial tumor patients remains unclear, as the prognosis of patients with GBM remains poor even with standard of care based on radiation therapy with concurrent and adjuvant temozolomide [7] . As a consequence, there has been a recent emphasis in defining genetically unique subtypes of GBM that might serve as targets of individualized therapy strategies [8−10] , with recent reports [9, 10] focusing on the role of imaging parameters in prediction of gene expression and specific GBM subtypes. The expression of EGFR, a cell membrane tyrosine kinase receptor, has been described as one in a number of mechanisms underlying the aberrant and rapid cell proliferation seen in a wide range of solid tumors, including GBM [11−13] . Furthermore, the presence of EGFRvIII, a mutant form of the EGFR receptor with deletion of exons 2 through 7 in the extracellular portion of the receptor, has been implicated in tumor progression in approximately 30 % of GBM patients [14−16] . EGFR tyrosine kinase inhibitors such as gefitinib, erlotinib, afatinib and lapatinib [17, 18] are being explored as potential treatments for malignant gliomas, and an EGFRvIII-targeted peptide vaccine [19] is currently in advanced stages of clinical development. Increasingly, drug development is focusing on pretreatment selection of these unique genetic signatures, and identifying potential imaging biomarkers allowing for non-invasive determination of such signatures is of high interest.
The expression of EGFR amplification status has been previously investigated using metrics from conventional contrast-enhanced MRI imaging analysis [20−22] , but has not, to our knowledge, been studied with MRI perfusion techniques, with the exception of a single report focusing on EGFRvIII gene mutation expression [23] . Given the known role of EGFR in tumor cell invasiveness and angiogenesis [11, 24] , the primary aim of our study was to determine whether DSC MRI perfusion metrics predict EGFR gene amplification in general.
Methods

Protocol Approval and Informed Consent
The proposed study was reviewed by our local institutional review board and was granted a waiver of informed consent. The study was also deemed compliant with Health Insurance Portability and Accountability Act regulations and was approved by the hospital's privacy board.
Subjects
A hospital database was retrospectively searched from February 2010 through July 2011 to determine the final study cohort according to the following inclusion criteria: (1) pathologically confirmed de novo GBM diagnosis after biopsy or resection, (2) known EGFR amplification status determined from initial biopsy or resection, and (3) preoperative DSC MRI perfusion scan on treatment-naïve GBMs with associated matching postcontrast axial T1-weighted images. Subjects were excluded from our final cohort if only conventional preoperative MRI was performed (without DSC MRI perfusion) or if there was greater than 100 days between MRI and EGFR status determination at pathology. We also recorded EGFRvIII mutation expression in the subset of subjects who had this testing performed as part of their routine tissue analysis. EGFR analysis was performed in patients during this period to determine potential eligibility for clinical trials or as part of the standard of care at the time.
Perfusion MRI Parameters DSC MRI was obtained using gradient-echo echo-planar images (repetition time/echo time = 1,000-1,200/40-50 ms, matrix = 96 × 96-128 × 128, flip angle = 60°, number of slices = 12-18). Contrast (gadopentate dimeglumine) was injected though a peripheral venous catheter (18-21 gauge) using a power injector at 2-5 mL/s (0.2 mL/kg to a maximum of 20 mL) immediately followed by a 20-mL saline flush at the same rate. Image data were acquired every second for a total of 90 s.
The DSC images were transferred to an offline commercially available workstation (Advantage Workstation, GE Healthcare, Waukesha, WI) and processed using commercially available software (FuncTools 4.5, GE Healthcare). Negative enhancement integral perfusion maps were reconstructed with gamma variate curve-fitting correction [25, 26] . Two board-certified radiologists supervised ROI analysis of
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Pretreatment Dynamic Susceptibility Contrast MRI Perfusion in Glioblastoma Statistical Analysis Univariate analysis using a Wilcoxon rank-sum test was performed to determine the relationship and potential correlation between EGFR amplification and EGFRvIII mutation status and the measured perfusion metrics (rCBV, rPH, and PSR). Hochberg and Benjamini's false discovery rate (FDR) procedure was used to adjust for the simultaneous multiple testing. Receiver operating characteristic curve (ROC) analysis with calculation of the area under the curve (AUC) was performed for statically significant perfusion metrics to further assess potential clinical utility. Optimal cutoffs for any MR perfusion (MRP) metrics found to be statistically significant after FDR correction were performed with an attempt to maximize combined sensitivity and specificity. Fisher exact test was used to examine a possible relationship between EGFR amplification and EGFRvIII mutation status. Statistical significance was set at p = 0.05. SAS release 9.2 (SAS institute, Carry, NC), R version 2.9 package ROCR, and gregmisc were used for analysis.
Results
Subjects
A total of 275 subjects diagnosed with GBM from initial tissue sampling via biopsy or resection and known EGFR gene amplification status were found through our initial search. Of this cohort, 106 subjects had preoperative DSC MR perfusion imaging available for postprocessing analysis. Of the 106 subjects, 73 had MRIs performed on 1.5-T magnets and 33 had their MRI done on 3.0-T magnets. The median age of our subjects was 66.4 (range: 30.2-89.4) years, with 59 men (55.7 %) and 47 women (44.3 %) present. The median time between the preoperative perfusion scan and surgery was 4.5 (maximum: 29) days. At the time of EGFR tissue sampling, gross total resection was performed in 38 subjects, subtotal resection in 53 subjects, and biopsy in 15 subjects. EGFR gene amplification status was determined in all 106 subjects, while EGFRvIII transcript status was available in a subset of 65 of the 106 subjects.
EGFR Tissue Analysis
A total of 44 (41.5 %) subjects had high levels of EGFR amplification, while 62 (58.5 %) did not. Among the 65 subjects with EGFRvIII mutation transcript analysis, 18 (27.7 %) tested positive for the EGFRvIII mutation, while 47 (72.3 %) did not. When EGFR amplification was absent, EGFRvIII mutation was also absent in 85 % of the subjects (p < 0.001). When EGFR amplification was present, EGFRvIII mutation was present in 50 % of the subjects.
the DSC MRI studies while blinded to the subjects' EGFR amplification status. Both radiologists were board certified with 7 and 13 years of experience, respectively, with one of the two holding an additional Certificate of Added Qualification in Neuroradiology. In a technique validated and shown to achieve reproducible maximum relative cerebral blood volume (rCBV) measurements [5, 27] , multiple fixeddiameter (approximately 50 mm 2 ) regions of interest (ROIs) were placed over the enhancing mass to determine areas of maximum rCBV and compared with control ROIs placed over the contralateral normal-appearing brain parenchyma. The single maximum rCBV value derived from this technique was used to calculate tumor maximum rCBV using contralateral normal-appearing brain parenchyma. Regions of susceptibility from hemorrhage, bone, air and blood vessels were explicitly excluded from the ROIs.
Perfusion MRI Signs
The rCBV measurements were recorded as CBV lesion / CBV normal-appearing contralateral brain . The T2* signal intensity-time curve corresponding to the tumor rCBV ROI was solved for S 0 (baseline signal intensity before contrast injection), S min (minimal signal intensity at peak of contrast bolus), and S 1 (end signal intensity at 60 s). Relative peak height (rPH) was calculated as [(S 0 − S min ) lesion /(S 0 − S min ) normal-appearing contralateral brain ], and peak signal recovery (PSR) as [(S 1 − S min )/(S 0 − S min )]. Lower PSR correlates with delayed return of the perfusion curve to baseline and thus higher permeability and capillary leakiness [4, 28] . rPH represents the maximum change in T2* signal intensity and has been shown to reflect tumor capillary blood volume and is correlated with rCBV [4, 29] .
EGFR Analysis
The EGFR studies were routinely performed for patients operated on at our tertiary care cancer center, as part of their histology evaluation in a Clinical Laboratory Improvement Amendments-certified pathology laboratory, provided there was sufficient tissue available. Interphase/nuclear fluorescence in situ hybridization techniques on paraffin sections were used to determine EGFR amplification status. In each specimen, approximately 200 cells were analyzed and the maximum level of EGFR amplification in terms of chromosome copies per cell was reported. Given the lack of a standardized definition of EGFR amplification, a threshold of ≥ 10 copies per cell was the threshold used to define EGFR amplification [15] . EGFRvIII mutation transcript status was detected by real-time PCR detection of the EGFRvIII transcript from extracted tumor RNA samples.
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MRI perfusion metrics were not significant (p > 0. 19) . ROC analysis of rPH demonstrated AUC of 0.672, suggesting moderate predictive power.
Discussion
In our cohort of treatment-naïve GBMs undergoing initial tissue sampling, 41.5 % demonstrated high levels of EGFR amplification, which fall within the range of published levels of EGFR amplification in GBM, which is 40-70 % [11] . Similarly, our rate of EGFRvIII gene mutation of 27.7 % is also in line with the relative frequency of this gene mutation in GBM patients, reported to be in the range of 20-30 % [14] . Our findings of the presence of the EGFRvIII mutation 50 % of the time when EGFR amplification was present and the isolated presence of the EGFRvIII mutation without EGFR amplification in 15 % of cases are comparable with other series published in the literature [30] .
We found higher rCBV was associated with high EGFR gene amplification, while PSR was significantly lower in the EGFR gene-amplified group. rCBV has been described as a marker of increased glioma microvessel density and angiogenesis on histopathologic studies [31] , with higher rCBV
MRI Perfusion Metrics and EGFR Amplification Status
The DSC perfusion metrics and relationship to high EGFR amplification are shown in Table 1 . 
MRI Perfusion Metrics and EGFRvIII Mutation Status
The DSC perfusion metrics and relationship to EGFRvIII mutation are shown in Table 2 . There was a trend that higher rPH (3.68 versus 2.76, p = 0.03; FDR adjusted p = 0.10) might be more likely related to presence of the EGFRvIII mutation. A representative case is shown in Fig. 2 . The remaining MRI magnetic resonance imaging, rCBV relative cerebral blood volume, PSR percent signal recovery, rPH relative peak height In our secondary prespecified subset analysis of the correlation of perfusion metrics and EGFRvIII amplification status, rCBV and PSR values were not associated with EGFRvIII amplification. As such, we were not able to replicate the findings of Tykocinski et al. [23] , who noted an increased relative tumor blood volume in EGFRvIII mutation specimens relative to tumors without expression of the mutation. However, our data did show a trend toward increased rCBV in the EGFRvIII cohort. As our study was designed primarily to detect differences across EGFR amplifications in general, as this has not been previously studied, it is conceivable that our subset analysis of 65 patients with EGFRvIII classification was underpowered to detect differences in rCBV between groups, as Tykocinksi et al. performed their analysis on 132 patients with known EGFRvIII status. We did find significant correlation, however, between higher rPH and expression of the EGFRvIII gene mutation. The EGFRvIII mutation has been shown to have clear roles in GBM invasion, angiogenesis, and elevation of cell proliferation rates and reduction in apoptotic rates [14] . These factors, especially the angiogenic and neovascularity increases mediated by EGFRvIII mutant gene expression, may explain the relatively increased tumor capillary blood volume, evidenced by rPH elevation, seen in the EGFRvIII mutant group. rPH, defined as a measure of the maximum signal intensity drop from baseline during first bolus of gadolinium passage, has been shown to reflect total capillary volume and has been validated as a simple measure for local relative tumor hypervascularity [33] . As such, the role of rPH as a surrogate for capillary blood volume does appear plausible given the known molecular mechanisms of the EGFRvIII mutation and is consistent with the findings of Tykocinski et al. [23] , although further histopathologic investigation is warranted. levels correlating with increases in MIB-1, a histopathologic index of glioma cell proliferation [32] . In addition, rCBV values have been shown to be useful in the preoperative prediction of glioma grade [2] , with higher rCBV values predictive of higher World Health Organization glioma grade. We hypothesize that EGFR amplification contributes to relatively higher rCBV via increases in cellular proliferation, angiogenesis, and neovascularity, all well-studied tumorigenic mechanisms of EGFR amplification in solid tumors [11, 13, 15, 24] .
PSR was also significantly lower in tumors with EGFR amplification. PSR, a measure of the percentage signal recovery toward baseline after the initial drop in signal intensity after the first pass of gadolinium during a perfusion study, provides an estimate of tumor leakiness and is therefore a valuable adjunct to rCBV. It is relatively simple to derive from the time-signal intensity curve in DSC perfusion studies and does not require additional postprocessing. PSR has been described by Mangla et al. [28] as a potentially useful means to differentiate GBM from lymphoma and metastases, with decreases in PSR multifactorial in cause but likely related to an increase in capillary permeability and bloodbrain barrier disruption. Although the mechanisms are complex and still being elucidated and will require histologic verification, by increasing cell proliferation, motility, and invasiveness of GBM cells [30] , we hypothesize that the EGFR amplification may also contribute to leakiness and increased capillary permeability. Although this assertion will require further confirmatory studies, it is plausible that decreases in PSR may reflect increased capillary leakiness, decreased intravascular contrast, and a decreased percent of T2* signal recovery after first pass of gadolinium, all phenomena that may be seen more frequently in EGFR-amplified GBMs. disease), imaging surrogates of gene expression will be of critical value in evaluating possible individualized treatment therapies. Finally, research from The Cancer Genome Atlas Research Network has proposed the molecular and genetic subtyping of GBMs to better reflect the underlying pathophysiologies in these heterogeneous tumors. In this classification scheme, EGFR amplification was found in 97 % of the Classical subtype and rarely in the Mesenchymal, Proneural and Neural subtypes [37] . EGFR status may therefore help determine Classical subtype and its implications for tumor prognosis and progression.
There are several limitations of our study. First, although we did find statistically significant correlations between MRI perfusion metrics, the relatively limited sensitivity and specificity of these metrics in predicting EGFR genotypes limit the clinical value of this technique. This is especially the case given the increasingly availability of histopathology from surgical specimens to determine EGFR expression. Further work with a larger cohort of patients and a multiparametric approach may help increase the predictive power of preoperative advanced MRI imaging and may allow for the characterization of more robust imaging signatures of EGFR GBM gene expression. Second, given the variability in EGFR expression within a given tumor [30] , our pathologic sampling may not have correlated to our ROI analysis on perfusion maps, as the exact sites of tissue sampling were not recorded in the retrospectively collected data. However, some degree of homogeneity in gene expression is generally observed [31] in histopathologic samples, and further validation of this study with locus-specific radiologic-pathologic correlations could support our initial findings. Third, in our study, we did not perform contrast-leakage correction by administering a preload contrast dose. In our own clinical and research experience, DSC MRI without leakage correction has had accurate and clinically useful results. More importantly, our personal experience has been corroborated by a recent study [38] in which Toh et al. found that CBV without contrast-leakage correction had superior diagnostic accuracy compared with CBV with contrast leakage in differentiating the histology of primary brain tumors, including GBM. Uncertainty regarding the best method for contrast-leakage correction and whether leakage correction actually improves discrimination of EGFR gene expression with DSC MRP requires direct comparison of these techniques in future investigations. Fourth, the roles of new MRP techniques, including arterial spin labeling and dynamic contrast-enhanced techniques, were not included in this study, and therefore, the applicability of our findings to these techniques requires further study. Finally, we included both 1.5-T and 3.0-T scanner techniques in our study, which could limit the generalizability of our findings to a specific magnet field strength. The effects of different magnet field strengths on our conclusions, however, are relatively mitigated by our use of relative perfusion ratios using the conIt is interesting to note that although rPH and rCBV are highly correlated [4, 5, 33] , they do not measure identical hemodynamic parameters, which may in part explain the statistical correlation of rCBV (but not rPH) with EGFR amplification and the similar correlation of rPH (but not rCBV) with EGFRvIII gene mutation status. rPH values only reflect the magnitude of signal intensity change relative to a background control. rCBV is calculated from the area over the time-signal intensity curve, incorporating information about the magnitude and duration of the signal intensity change, and possibly affected by changes in the rate of contrast injection and/or blood flow. In our cohort, although the correlation between rPH and rCBR was not entirely preserved, it is valuable to note that rPH values trended higher in EGFR-amplified tumors and that rCBV trended higher in EGFRvIII-mutated GBMs without achieving statistical significance. An alternative explanation for this divergence in correlation of rCBV and rPH may simply be related to biologic variability in individual time-signal intensity curves, with correlation between rCBV and rPH possibly more apparent in a larger patient population. In addition, we noted lower PSR in EGFR-amplified tumors but not in the subset of patients with the EGFRvIII mutation. Whether this reflects differential blood-brain barrier integrity between these two subsets of patients is unclear, and continued histopathologic and molecular characterization of EGFR's role in GBM tumorigenesis is needed.
Three reports in the literature [20−22] have described the role of conventional MRI-derived metrics in predicting EGFR gene expression. EGFR amplification has been associated with lower apparent diffusion coefficient measurements [22] , high contrast-to-necrosis ratio [20] , T2-bright volume-to-enclosed T1-enhancing volume ratio [21] , and T2 border sharpness coefficients [21] . Our work, as well as previous studies showing the prognostic utility of DSC perfusion in predicting tumor grade [2] or other important molecular features [9, 10] , justify continued investigation of the role of preoperative perfusion imaging for presumed glial tumors.
The clinical value of preoperative, non-invasive determination of EGFR amplification and EGFRvIII mutation status warrants discussion. Targeted treatments for specific EGFR-defined subtypes of GBM have or are undergoing investigation in clinical trials [17−19, 34−36] . The possibility of neoadjuvant presumptive EGFR-targeted therapy before surgery might be possible if one or a combination of multiple imaging biomarkers could reliably predict genetic subtypes of GBM. In the future, it is possible that a multiparametric imaging biomarker approach might define physiologic signature of tumors likely to respond to certain targeted therapies. Furthermore, in those cases where tissue sampling is not feasible (such as in patients who are poor surgical candidates or with otherwise unresectable tralateral brain as reference as opposed to absolute perfusion measurements.
Conclusions
Our study demonstrates a significant association between preoperative T2* DSC MR perfusion metrics and EGFR amplification and EGFRvIII mutation status in GBM. Further studies with larger patient cohorts and histopathologic correlation are needed to further explore the clinical utility of preoperative measurement of hemodynamic imaging biomarkers in the treatment of patients with GBM.
